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Aims Atrial fibrillation (AF) has been associated with intracellular calcium disturbances in human atrial myocytes, but little
is known about the potential influence of sex and we here aimed to address this issue.

....................................................................................................................................................................................................
Methods
and results

Alterations in calcium regulatory mechanisms were assessed in human atrial myocytes from patients without AF or
with long-standing persistent or permanent AF. Patch-clamp measurements revealed that L-type calcium current
(ICa) density was significantly smaller in males with than without AF (-1.15 ± 0.37 vs. -2.06 ± 0.29 pA/pF) but not in
females with AF (-1.88 ± 0.40 vs. -2.21 ± 0.0.30 pA/pF). In contrast, transient inward currents (ITi) were more
frequent in females with than without AF (1.92 ± 0.36 vs. 1.10 ± 0.19 events/min) but not in males with AF.
Moreover, confocal calcium imaging showed that females with AF had more calcium spark sites than those
without AF (9.8 ± 1.8 vs. 2.2 ± 1.9 sites/mm2) and sparks were wider (3.0 ± 0.3 vs. 2.2 ± 0.3 mm) and lasted longer
(79 ± 6 vs. 55 ± 8 ms), favouring their fusion into calcium waves that triggers ITIs and afterdepolarizations. This was
linked to higher ryanodine receptor phosphorylation at s2808 in women with AF, and inhibition of adenosine
A2A or beta-adrenergic receptors that modulate s2808 phosphorylation was able to reduce the higher incidence
of ITI in women with AF.

....................................................................................................................................................................................................
Conclusion Perturbations of the calcium homoeostasis in AF is sex-dependent, concurring with increased spontaneous SR

calcium release-induced electrical activity in women but not in men, and with diminished ICa density in men only.
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

* Corresponding author. Tel: þ34 935565620; fax: þ34 935565603, E-mail: leif.hove@iibb.csic.es
† These authors contributed equally to this article.
VC The Author(s) 2021. Published by Oxford University Press on behalf of the European Society of Cardiology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

Cardiovascular Research (2022) 118, 1033–1045
doi:10.1093/cvr/cvab127

https://orcid.org/0000-0001-7720-988X
https://orcid.org/0000-0002-7486-1079
https://orcid.org/0000-0002-8290-6070
https://orcid.org/0000-0002-7681-3556
https://orcid.org/0000-0001-7597-350X
https://orcid.org/0000-0003-1494-5665
https://orcid.org/0000-0002-3558-5948
https://orcid.org/0000-0002-8782-9406
https://orcid.org/0000-0003-2258-3246
https://orcid.org/0000-0002-8243-1271
https://orcid.org/0000-0003-0832-3739
https://orcid.org/0000-0001-5493-3998
http://creativecommons.org/licenses/by-nc/4.0/


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

....................................................................................................................................................................................................
Keywords Sarcoplasmic reticulum calcium release • Calcium sparks • Transient inward current • Afterdepolarizations •

Ryanodine receptor phosphorylation

1. Introduction

Epidemiological studies on atrial fibrillation (AF) show that compared
with men, women have a lower incidence and a 5-year delay in the onset
of this arrhythmia.1–3 However, because the incidence of AF increases
exponentially at advanced age and because women live longer, the num-
ber converges for the two sexes at 75 years or older.3,4 The mechanism
by which the incidence of AF increases more strongly in women older
than 70 years is not well known. Since both AF and sex have been associ-
ated with well-defined cellular electrophysiological alterations,5,6 it is
conceivable that some of them contribute to the sex-related differences
in the incidence of AF.

Mechanistically, AF has been associated with both structural7 and
electrophysiological alterations.5,8 Among the electrophysiological
alterations, AF has been linked to disturbances in the intracellular
calcium homoeostasis9–12 including malfunctioning of the sarcoplas-
mic reticulum (SR)9,10,12–15 in experimental series with a mixed pop-
ulation of male and female patients. These studies have shown that
atrial myocytes from patients with AF have a reduced L-type calcium
current (ICa) density,10,11 which shortens the action potential, and
hence reduces the duration of the refractory period. In addition,
these myocytes display a high incidence of spontaneous SR calcium
release,9 which can induce arrhythmogenic spontaneous membrane
depolarizations.15

Therefore, this study aimed to determine the specific influence of sex
on the intracellular calcium homoeostasis in a large series of patients
with and without AF.

2. Methods

2.1 Human biological samples and atrial
myocyte isolation
Human right atrial myocytes were isolated from patients undergoing car-
diac surgery as previously described9 and used for different experimental
protocols. Because the yield of myocyte isolation from human atrial sam-
ples is variable, not all protocols were carried out in all patients as outlined
in the flow scheme for collection and processing of human atrial samples
(Supplementary material online, Figure S1). For electrophysiological experi-
mentation, patients were divided into males (n=189) and females (n =78)
without AF (237) and with permanent or long-standing persistent AF (30)
and key clinical and echocardiographic data as well as pharmacological
treatments included in the statistical analysis of this data are summarized in
Table 1. Patients undergoing mitral valve replacement or repair were not in-
cluded in this analysis to avoid potentially confounding effects of mitral valve
disease, a disease that already alters the calcium homoeostasis in patients
without AF.16 Each patient gave written consent to obtain a sample from
the right atrial appendage that would otherwise have been discarded during
the surgical intervention. The study was approved by the Ethics Committee
at Hospital de la Santa Creu i Sant Pau, Barcelona, Spain and the investiga-
tion conforms to the principles outlined in the Declaration of Helsinki.

2.2 Immunoblot and immunofluorescent
labelling
Expression of SERCA2a, Na–Ca exchanger (NCX-1), phospholamban
(PLB), PLB phosphorylated at ser-16 (PLB-s16) and PLB phosphorylated

Graphical Abstract

1034 A. Herraiz-Martı́nez et al.

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab127#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..at thr-17 (PLB-t17) was determined by western blot. Atrial samples
were pulverized in liquid nitrogen and homogenized in 50 mM Tris–HCl
pH 7.4 containing protease inhibitors. Proteins (10 mg) were separated
by 5% or 10% sodium dodecyl sulphate–polyacrylamide gel electropho-
resis (transferred to polyvinylidene difluoride membranes using a semi-
dry transfer system, and immunoblotted using rabbit anti-SERCA2a, rab-
bit anti-Csq-2, rabbit anti-NCX-1, rabbit anti-PLB, rabbit anti-PLB-s16,
rabbit anti-PLB-t17, and rabbit anti-a-actinin antibodies. Details are pro-
vided in the Supplementary material online, Methods.

Isolated myocytes were fixed with 5% paraformaldehyde for 10 min at
room temperature. Subsequently, the ryanodine receptor (RyR2), the L-
type calcium channel (Cav1.2), or calsequestrin-2 (Csq-2) were labelled
using the primary antibodies mouse anti-RyR2, guinea-pig anti-Cav1.2,
rabbit anti-Csq-2, rabbit anti-s2808-P, or rabbit anti-ser2814P as
previously described.17 After labelling, cells were stored at 4�C until
the labelled proteins were visualized using confocal microscopy
(Supplementary material online, Methods for further details).

2.3 Patch-clamp technique
Electrophysiological recordings were performed using perforated patch-
clamp technique in isolated human atrial myocytes as described in the
Supplementary material online, Methods. Briefly, ICa, spontaneous
transient inward calcium release-induced NCX currents (ITI), and the
caffeine releasable SR calcium content were measured using whole
cell voltage-clamp configuration. Membrane potentials were recorded in
the current-clamp configuration. Adenosine A2A receptors (A2ARs) were
stimulated with the selective agonist CGS21680 (200 nM). Adenosine

deaminase (ADA) with and activity of 2 mmol/min/mL was used to prevent
A2AR activation.

2.4 Confocal calcium imaging
To visualize changes in the intracellular calcium concentration, myocytes
were loaded with 2.5 mM fluo-4 AM for 15 min, followed by wash and
de-esterification for 30 min or more. Confocal calcium images
(512� 140 pixels) were recorded at a frame rate of 90 Hz, using a reso-
nance-scanning confocal microscope with a 63� glycerol-immersion ob-
jective (Leica SP5 AOBS, Wetzlar, Germany). The excitation wavelength
was 488 nm and fluorescence emission was collected between 500 and
650 nm with a Leica Hybrid Detector. Experiments were performed at
room temperature and calcium sparks were detected using custom-
made algorithms implemented using MATLAB (The Mathworks Inc.,
Boston, MA) as previously described.17

2.5 Data analysis and representation
Experiments were performed without knowledge about clinical data and
clinicians gathering the clinical data did not know the experimental
results. Data was represented in figures using Excel, Power Point, IGOR
Pro or Biorender.com Software. Unless otherwise stated, values were
determined for each patient (multiple determinations in the same patient
were averaged) and expressed as mean± 95% confidence level. Where
indicated, statistical significance was evaluated using a multivariate linear
regression model for data with a normal distribution (ICa) or generalized
linear model with a Poisson distribution (ITI). To validate the robustness
of this analysis, results were analysed using (i) an unadjusted linear re-
gression model with interaction between sex and atrial rhythm, (ii) a fully

..............................................................................................................................................................................................................................

Table 1 Clinical characteristics of the study population for electrophysiological analysis

Female Female, AF Male Male, AF P-value

N 65 13 172 17

LAD indexa 2.30 [2.01; 2.58] 2.96 [2.40; 3.47] 2.19 [1.90; 2.48] 2.56 [2.30; 2.93] <0.001

Agea 74.0 [66.0; 78.0] 75.0 [72.0; 76.0] 67.5 [57.0; 74.0] 71.0 [63.0; 78.0] 0.001

Smokinga 7 (10.9%) 1 (8.3%) 123 (71.5%) 9 (56.2%) <0.001

Alcohol 0 (0%) 0 (0%) 19 (11.2%) 1 (6.25%) 0.035

Hypertensiona 44 (67.7%) 8 (61.5%) 97 (56.7%) 11 (64.7%) 0.469

Diabetesa 18 (27.7%) 4 (30.8%) 53 (31.0%) 4 (23.5%) 0.925

Dyslipaemia 41 (63.1%) 6 (46.2%) 86 (50.6%) 9 (52.9%) 0.353

LVEFa 60.0 [55.0; 68.0] 63.0 [55.0; 72.8] 60.0 [47.2; 65.0] 56.0 [44.0; 66.0] 0.136

AVRa 39 (60.0%) 9 (69.2%) 78 (45.3%) 12 (70.6%) 0.035

TVR 5 (7.69%) 1 (7.69%) 3 (1.74%) 1 (5.88%) 0.059

CABGa 30 (46.2%) 4 (30.8%) 119 (69.2%) 9 (56.2%) 0.001

ACE inhibitora 15 (23.1%) 6 (46.2%) 58 (33.7%) 9 (52.9%) 0.067

B-Blocka 19 (29.2%) 6 (46.2%) 70 (40.7%) 8 (47.1%) 0.314

ARBa 16 (24.6%) 3 (23.1%) 24 (14.0%) 2 (11.8%) 0.196

Ca-antagonista 9 (13.8%) 1 (7.69%) 31 (18.0%) 2 (11.8%) 0.776

Dicoumarina 2 (3.08%) 7 (53.8%) 4 (2.34%) 13 (76.5%) <0.001

Digoxin 0 (0%) 7 (53.8%) 2 (1.21%) 8 (47.1%) <0.001

Aspirin 29 (44.6%) 3 (23.1%) 93 (54.4%) 2 (11.8%) 0.002

Statins 41 (63.1%) 6 (46.2%) 96 (56.1%) 9 (52.9%) 0.622

Categorical values are given as number of patients and % of patients in parenthesis. Continuous values are given as median with 25% and 75% quantiles given in the brackets. The
statistical significance of differences among the four patient groups is given on the right for each factor.
ACE inhibitor, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; AVR, aortic valve replacement; beta-blockers, beta-adrenergic receptor blockers;
CABG, coronary artery bypass graft; LAD index, left atrial diameter index; LVEF, left ventricular ejection fraction; TVR, tricuspid valve replacement/repair.
aFactors included as confounders in the linear regression analysis in Figures 1 and 2.
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.
adjusted model taking into account the confounding effects of common
clinical factors showing a bias between sex as well as factors suspected
to affect calcium homoeostasis, and (iii) a model adjusted for the most
relevant factors (see Supplementary material online, Methods for details).
As shown in Supplementary material online, Figure S2, raw data and esti-
mates using the fully adjusted model were similar and the three linear re-
gression models yielded similar results. In the subsequent mechanistic
analysis data were analysed using a linear regression model as indicated.
Otherwise, Fisher’s exact test was used for categorical data. Student’s
t-test or Wilcoxon’s rank test was used for paired or unpaired compari-
sons. The P-value threshold defining statistical significance was set at
<0.05. Statistical analysis was performed using version 3.5.2 of R software.

3. Results

3.1 Differences in clinical characteristics
among male and female patients
Reduced L-type calcium current (ICa) density11 and a higher incidence of
ITI currents9,10,15 are cellular electrophysiological hallmarks of atrial
myocytes from patients with AF that might be influenced by sex.
Therefore, we first determined if there were sex-dependent differences
in cardiovascular risk factors; concurrent cardiovascular disease; echo-
cardiographic data; pharmacological treatments or atrial rhythm. Table 1
shows that female patients were older, smoked less, and did not abuse
alcohol. There were no significant differences in common pharmacologi-
cal treatments, but coronary artery bypass grafts were performed in a
significantly smaller fraction of women. To exclude potentially confound-
ing effects of these sex-dependent differences in the study population, or
differences in the effect of the clinical factors on calcium homoeostasis,
we performed a multivariate regression analysis (see Supplementary ma-
terial online, Methods) in order to determine the specific effects of sex
and AF on the electrophysiological measurements.

3.2 Effect of sex on L-type calcium current
and transient inward currents
In line with previous findings, comparison of the ICa amplitude measured
in patients with and without AF showed that those with AF have signifi-
cantly smaller amplitude (-1.20 ± 0.21 vs. -2.03 ± 0.10 pA/pF, P < 0.001,
unpaired t-test). However, multivariate regression analysis taking con-
founding factors into account (Supplementary material online, Methods)
revealed no significant interactions between AF, sex or AF plus sex and
ICa density, but pairwise comparisons showed a significant reduction in
ICa density in male but not in female patients with AF (Figure 1A and B).
Neither sex nor AF affected the shape of the current–voltage relation-
ship in our patients (Figure 1C), but the time-dependent decay of the ICa

was slowed significantly in male patients with AF (Figure 1D).
Immunofluorescent labelling revealed that the density of L-type calcium
channels was higher at the sarcolemma than in the cell centre. However,
the difference in ICa amplitude among patients with and without AF was
not due to differences in the density of the L-type calcium channels
among patients with and without AF (Supplementary material online,
Figure S3).

Multivariate analysis of the ITI frequency revealed a significant interac-
tion between sex and ITI frequency (P < 0.001) and between sex plus AF
and ITI frequency (P=0.032). Hence, ITI frequency was significantly higher
in female than in male patients (P < 0.001). Moreover, the ITI frequency
was low and virtually identical in male patients with and without AF while

female patients displayed a significantly higher frequency in those with
AF than without AF (Figure 2A and B). Figure 2C shows that ITI amplitude
was also significantly larger in females with than without AF. Moreover,
Figure 2D shows that the higher incidence of ITI concurred with a higher
incidence of spontaneous membrane depolarizations in female patients
with AF. Because paroxysmal and long-standing persistent or permanent
AF have been associated with different alterations in calcium homoeo-
stasis,12 we compared their effects. As shown in Supplementary material
online, Figure S4, women with paroxysmal and long-standing persistent
or permanent AF displayed a similar increase in the ITI frequency.
However, the ICa density was reduced in males with long-standing persis-
tent or permanent but not paroxysmal AF.

3.3 Effect of sex on spontaneous SR
calcium release
To determine if the higher incidence of ITI and spontaneous membrane
depolarizations were due to sex-specific differences in the susceptibility
of the SR to release calcium spontaneously, we analysed the frequency
and properties of calcium sparks in atrial myocytes from a subset of
patients. This analysis showed interaction between AF and spark density
(P < 0.001) as well as an interaction between AF plus sex and spark den-
sity (P=0.037). In line with a differential interaction of female sex plus AF
and calcium spark frequency and properties, the spark site density
(Figure 3A and B), the sparks/site (Figure 3C), the duration at half maxi-
mum (Figure 3D), and the full width at half maximum (Figure 3E) were all
significantly higher in females with than without AF while no differences
were observed in these features among males with and without AF. The
calcium spark amplitude was not different among the different patient
groups (Figure 3F).

3.4 Effect of sex on the regulation of SR
calcium uptake and content
Figure 4A and B shows that the caffeine releasable SR calcium load, which
regulates spontaneous SR calcium release, was unaffected by sex and
atrial rhythm and that sex had no effect on the calcium load in patients
without or with AF. Analyses of the expression of the SR calcium pump
SERCA2a and the Na–Ca exchanger protein NCX-1 that regulate the
cytosolic calcium level showed that SERCA2a expression was signifi-
cantly higher in women without than with AF (Figure 4C). NCX-1 ex-
pression was not significantly different among patients with and without
AF, and sex did not affect the expression in either group (Figure 4D).
Analysis of the expression and phosphorylation of PLB, which regulates
SERCA2a activity, showed a significantly higher level of PLB in men with-
out than with AF. This was also true for PLB phosphorylation at t17,
while differences in phosphorylation at s16 were not significant
(Supplementary material online, Figure S5). Interestingly expression of
the SR calcium buffering protein Csq-2, which dampens RyR2 activity,
was significantly reduced in both males and females with AF (Figure 5A
and B), Moreover, ratiometric immunofluorescent analysis of the Csq-2
distribution at the RyR2 clusters (Supplementary material online, Figure
S6) showed that Csq-2 was highest at the sarcolemma in both male and
female atrial myocytes (Figure 5C and D) and there was a significant inter-
action between AF and the Csq-2/RyR2 ratio (P < 0.001).

3.5 Effect of sex on RyR2 phosphorylation
To determine if the increase in calcium sparks in women with AF
could be caused by differential phosphorylation of the RyR2, we
measured the density and phosphorylation state of individual RyR2
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..clusters at s2808 and s2814 (Supplementary material online, Figure S3
for details). This analysis showed that similar to Csq-2, RyR2 density
was higher at the sarcolemma, but there were no differences in the
RyR2 density among men and women with or without AF (Figure 6A

and B). However, linear regression analysis showed a significant inter-
action between AF plus sex and the s2808/RyR2 (P=0.018) ratio with
a strong increase in RyR2 phosphorylation at s2808 in women but
not in men with AF (Figure 6C and D). Separate images of total and

Figure 1 Effect of sex on the L-type calcium current amplitude and properties. (A) Representative ICa recordings from four patient groups of male (left
traces) and female patients (right traces), without AF (blue traces) and with AF (red traces). (B) Mean ICa densities in the four groups. (C) Current–voltage
curves for male and female patients with no AF or with AF. (D) Superimposed ICa-tracings are shown on the left and time constants for fast ICa inactivation
are shown on the right. Values were analysed and corrected for the clinical factors marked as confounders in Table 1 using a linear regression model. P-
values are given for significant differences between bars. Number of patients is given for each bar.
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..s2808 phosphorylated RyR2 are shown in Supplementary material
online, Figure S7. RyR2 phosphorylation at s2814 was barely detect-
able in resting human atrial myocytes and there were no differences

in s2814 phosphorylation, measured as the s2814/RyR2 ratio,
between myocytes from nine female patients without (0.21 ± 0.04)
and four with AF (0.16 ± 0.05).

Figure 2 Effect of sex on the ITI frequency and spontaneous membrane depolarizations. (A) Representative recordings of ITI currents from the same
patients as in Figure 1 divided into male (left traces) and female patients (right traces). (B) Mean ITI frequencies. Values in (A)–(B) were analysed and cor-
rected for the clinical factors marked as confounders in Table 1 using a linear regression model. (C) Representative recordings of ITI amplitudes in a male
and a female patient with AF. Mean amplitudes are shown on the right. (D) Spontaneous membrane depolarizations recorded in male and female patients
with AF. The mean frequency is shown on the right. Statistical significance was determined in (C)–(D) using an unadjusted regression model. P-values are
given for significant differences between bars. Number of patients is given for each bar.
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3.6 Translation of sex-specific differences in
calcium homoeostasis
To determine if the observed sex-specific differences in calcium
homoeostasis could be extended to pharmacological treatments di-
rected towards a control of spontaneous calcium release, we focused on
membrane receptors that are expected to exert a stronger modulation
of s2808 phosporylation near the sarcolemma as observed in Figure 6C
and D. First, we used pharmacological manipulation of A2ARs, which has
been shown to modulate spontaneous calcium release in myocytes from
patients with AF.10 Figure 7A shows that A2AR activation with CGS21680
increased the ITI frequency in all patient groups and prevention of A2AR
activation with ADA reduced it in all groups (Figure 7B). This effect
was most pronounced in females and especially in females with AF
where it reduced the ITI frequency below the level observed in patients
without AF.

Secondly, analysis of patients that had been treated with beta-adrener-
gic receptor blockers, which might reduce RyR2 phosphorylation at
s2808,18 revealed that this treatment reduced the ITI frequency dramati-
cally in females with AF to levels observed in patients without AF
(Figure 7C), and linear regression analysis showed a significant interaction
between beta-blocker treatment and ITI frequency (P < 0.001) as well as
a combined interaction of beta-blocker treatment plus AF with ITI fre-
quency (P=0.009).

In contrast to these results, ICa density was not affected by treatment
of myocytes with ADA (-1.87± 0.24 vs. -1.87 ± 0.20 pA/pF) or in
patients treated with beta-blockers (-2.03 ± 0.13 vs. -1.91± 0.08 pA/pF).
Furthermore, none of these compounds were able to rescue the ob-
served decrease in ICa density in male patients with AF where ADA de-
creased ICa density by 17 ± 10% and the ITI frequency was 37 ± 11%
smaller in patients treated with beta-blockers.

4. Discussion

4.1 Main findings
This study is the first to analyse a large series of 267 consecutive patients
in order to analyse the specific influence of sex on calcium homoeostasis
in human atrial myocytes, taking into account confounding effects of
other clinical factors that might affect the ICa density or the incidence of
ITI currents. These analyses document that the ICa density is only dimin-
ished significantly in males with AF while a higher incidence of both ITI

and spontaneous membrane depolarizations is observed almost exclu-
sively in females and is exacerbated in those with AF. Analysis of the un-
derlying mechanisms revealed that females with AF showed a differential
increase in spontaneous calcium release from the SR linked to a higher
level of RyR2 phosporylation at S2808. Furthermore, prevention of
A2AR activation with ADA or treatment of patients with beta-blockers

Figure 3 Effects of sex on calcium spark frequency and properties. (A) Images of human atrial myocytes from patients without (no AF) and with AF.
Calcium spark sites are indicated with circles and calcium signals for each site are shown below. (B) Density of spark sites. (C) Sparks per site. (D) Spark
duration at half maximum. (E) Spark width at half maximum (F) Spark amplitude. Statistical significance was determined using an unadjusted linear regres-
sion model. P-values are given for significant differences between bars. Number of patients is given for each bar.
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..was able to reduce the ITI frequency in females with AF to levels
observed in patients without AF.

4.2 Sex and L-type calcium current
While the effects of mitral valve disease16 ageing,19 or left ventricular
function20 on ICa density or ITI frequency have been assessed in human
atrial myocytes, studies addressing sex-related effects on calcium
handling have been limited to mammalian models.21–23

Thus, elevation of testosterone levels has been shown to reduce
ICa in guinea-pig ventricular myocytes23 pointing to potential sex-spe-
cific differences in the ICa density in healthy animals. In contrast to
this, we found that sex showed no interaction with ICa density in
human atrial myocytes when the confounding effects of the clinical
factors from Table 1 were taken into account. Pairwise comparison
of the patient groups did, nevertheless, show a significant reduction
of the ICa density in men but not in women. Thus, the significant effect

Figure 4 Effect of sex on SR calcium load and uptake. (A) Representative caffeine-induced transient inward NCX currents (top) and their time-integral
(bottom) from a male and a female patient without AF (left) and with AF (right). (B) Caffeine releasable SR calcium load estimated from the time-integral
of the caffeine-induced current. Values are corrected for the clinical factors marked as confounders in Table 1 using a linear regression model. (C)
SERCA2a protein expression. (D) NCX-1 protein expression. Densitometry quantification of protein levels is shown in the upper panels and representa-
tive western blots in the lower panels. Protein levels were normalized to a-actinin. P-values are given for differences between bars. Statistical significance
was determined using an unadjusted linear regression model. Number of patients is given for each bar.
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..of AF on ICa density reported in most studies of mixed sex,11,24 is possi-
bly contributed by the male patients in the study population. Sex had no
differential effect on the shape of the current–voltage relationship in
patients with AF or in those without AF, suggesting that sex does not af-
fect the gating properties of the L-type calcium channel. However, the
kinetics of ICa inactivation was significantly slower in male than in female
patients with AF. Considering that calcium release from the SR

modulates the fast time constant for ICa inactivation, the faster inactiva-
tion in females than males with AF might be due to a higher lability of SR
calcium release in these patients (see below) or because there is only an
insignificant loss of L-type calcium current in females with AF, whereas
the smaller ICa amplitude in males with AF is expected to slow inactiva-
tion in this group. While the observed reduction in ICa amplitude might
be due to reduced expression of L-type calcium channels previous

Figure 5 Effect of sex on the expression and distribution of Csq-2. (A) Representative western blots of Csq-2 and a-actinin. (B) Densitometry quantifi-
cation of Csq-2expression normalized to a-actinin. The number of patients is indicated for each bar. P-values are given above bars. (C) Overlay of fluores-
cently labelled RyR2 (in green) and Csq-2 (in red). (D) Csq-2/RyR2 intensity ratios measured at different distances from the sarcolemma (given below
bars in mm). Atrial myocytes from No AF patients had higher ratios than those from AF for females (P =0.02) but not for males (P =0.06). Statistical signifi-
cance was determined using an unadjusted linear regression model. Statistical differences between pairs of AF and noAF are indicated with ***P<0.001,
**P<0.01, *P=0.05. Number of experiments is given in parentheses.
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findings are ambiguous with some studies reporting a reduction25,26

while others found no changes.27 Here, we found that the smaller ICa in
males with AF did not coincide with a reduction in the density of
L-type calcium channels, pointing to other factors, such as oxidative
stress28 or Cavb229 as potential modulators of ICa amplitude in males
with AF.

4.3 Sex and spontaneous SR calcium
release
When taking into account the confounding effects of other clinical fac-
tors, both sex and sex plus AF showed significant interactions with the ITI

frequency. Thus, male sex barely affected the ITI frequency when compar-
ing patients with and without AF, while the ITI frequency was higher in

Figure 6 Effect of sex on the density and phosphorylation of the RyR2. (A) Immunoflourescent labelling of the RyR2. (B) Mean density of RyR2 clusters.
(C) Overlay of total RyR2 (in green) and s2808 phosphorylated RyR2 (in red). (D) Mean s2808 phosphorylated RyR2 measured as the fluorescence inten-
sity ratio (s2808/RyR2) for all RyR2 clusters at different distances from the sarcolemma (given below bars in mm). Statistical significance was determined
using an unadjusted linear regression model. Significant differences between pairs of bars are indicated with ***P<0.001, **P<0.01. Number of experi-
ments is given in parentheses.
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females than males without AF, and it increased dramatically in women
with AF. Additionally, the ITI amplitude increased significantly in women
with AF, increasing the ability of the ITI to induce spontaneous membrane
depolarizations. In line with this, the incidence of spontaneous membrane
depolarizations in AF patients was twice as high in females as in males. In
accordance with a role for female sex hormones in the regulation of
spontaneous membrane depolarizations in females, ovariectomy has
been shown to induce calcium-handling disturbances and a higher inci-
dence of early afterdepolarizations in guinea-pig myocytes.21 This would
agree with a higher incidence of membrane depolarizations in elderly fe-
male patients with AF, but does not explain why spontaneous calcium re-
lease is lower in males and further studies are required to elucidate how
sex hormones affect calcium homoeostasis in human atrial myocytes.

Analysis of the mechanisms underlying the higher ITI frequency in our
human atrial myocytes demonstrated that the number of calcium spark
sites was significantly increased in female but not in male patients with
AF and this concurred with wider and longer lasting sparks, facilitating
their fusion into calcium waves, triggering electrogenic Na–Ca exchange
and membrane depolarizations. The higher density of calcium spark sites
in women with AF was not caused by SR calcium overload since neither
sex nor AF had any significant effect on the caffeine releasable SR calcium

content. The latter is in line with previous reports,9,10,15 and western
blot analysis revealed that SERCA expression was in fact significantly
higher in female patients without AF, which on the other hand could ex-
plain the larger spark amplitude observed in females without AF. There
were no significant differences in NCX-1 or PLB expression when com-
paring women with and without AF, and PLB phosphorylation at ser16
or thr17 was also similar, discarding effects on SR calcium uptake.
Potentially, SR calcium uptake could also be increased by a lower sarcoli-
pin expression in AF,20,30 but this notion is not supported by our meas-
urements of unchanged SR calcium load in both male and female patients
with AF.

However, measurement of Csq-2 levels and s2808 phosphorylation
at each RyR2 cluster showed significantly lower Csq-2 levels in female
patients with AF than without AF, which may contribute to increase the
spark frequency31,32 in those with AF. The same is true for the higher
s2808 phosphorylation, observed in myocytes from women with AF,
which has previously been associated with AF in populations of mixed
sex.10,12,14,15 The fact that increased s2808 phosphorylation is only ob-
served in women with AF, also suggests that caution should be taken
when interpreting analyses of s2808 phosphorylation in mixed popula-
tions of male and female patients with AF because the increase and

Figure 7 A2AR inhibition or treatment with beta-blockers reduces the ITI frequency in females with AF. (A) Effect of A2AR activation with CGS21680
on the ITI frequency. (B) Prevention of A2AR activation by treating myocytes with ADA reduces the ITI frequency in females with AF to levels observed in
patients without AF. (C) Treatment of patients with beta-blockers (B-Block) reduces the ITI frequency in female patients with AF to levels in patients with-
out AF. Data were analysed using an unadjusted regression model. P-values for paired comparison of pharmacological treatment and control are given
above bars. Number of patients is given for each bar.
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statistical significance may vary according to the fraction of female
patients, especially when the study population is small. Indeed, some
studies with small populations find a significant difference in s2808 phos-
phorylation between patients with and without AF,10,12,14,15 while others
do not.13

In a previous study of a mixed sex population, paroxysmal AF has also
been associated with elevation of spontaneous calcium release-induced
membrane depolarizations.12 In the present study, paroxysmal AF was ini-
tially included in the analysis but the multivariate statistical analysis of ICa

density and ITI frequency in patients with paroxysmal AF did not afford sta-
tistical support for interactions with sex and atrial rhythm, and we there-
fore chose not to include this patient group in the final analysis. It should
nevertheless be pointed out that post-test comparison showed that the
ITI frequency in female patients with paroxysmal and long-standing persis-
tent or permanent AF was comparable and significantly higher than the
frequency recorded in male patients and in female patients without AF.

4.4 Study limitations
A limitation of this study is the modest yield of healthy human atrial myo-
cytes, which limits the number of electrophysiological experiments that
can be carried out for each patient. Therefore, measurements from indi-
vidual patients might not always be representative, although we previ-
ously found that variation among samples from the same patient was
significantly smaller than variation among samples from different patients
in a study population.9

Moreover, we only used human right atrial specimens in this study,
and cannot rule out that not all of the present findings apply to the left
atrium also. However, extraction of left atrial tissue samples for myocyte
isolation is ethically justifiable in a limited number of cases such as mitral
valve surgery where the left atrium is usually diseased and dilated and has
been reported to disturb the calcium homoeostasis.16 Thus, electro-
physiological analysis of myocytes from patients with diseased or nearly
normal atria is only realistic for the right atrium.

Finally, further studies with a larger number of patients are required
to reach firm conclusions on some of the effects of sex in patients with
and without AF where the effect size is smaller. For example, beta-
blocker treatment is expected to reduce the impact of sex on s2808
phosphorylation in patients without AF but a larger sample size is neces-
sary to achieve sufficient statistical power to test this. The same is true
for the influence of sex on the effects in paroxysmal AF, which has previ-
ously been associated with alterations in calcium homoeostasis that are
different from patients with long-standing persistent or permanent AF.12

Similarly, pairwise comparisons showed a reduced ICa density in males
with AF even though there were no interaction between sex, AF and ICa

in this study, which is possibly due to the small number of patients with
AF compared the number of patients without AF.

5 Clinical relevance, translation,
and conclusions

This is the first study to examine the effect of sex on the intracellular cal-
cium homoeostasis in atrial myocytes from a large series of patients that
takes into account confounding effects of common risk factors and con-
curring cardiovascular disease. Our findings demonstrate that sex has dif-
ferential effects on the ICa density and the ITI frequency in atrial myocytes
from patients with AF, suggesting that therapeutical approaches to pre-
vent AF may be optimized by taking into account the observed differen-
ces in calcium homoeostasis between males and females. Thus, a

reduction in ICa density previously associated to AF in populations of
mixed sex is more prominent in males with AF, suggesting that therapies
normalizing L-type calcium channel activity might be more efficient in
males and that it may be worthwhile to consider L-type calcium channels
as a therapeutical target in males with AF. In this regard, the present find-
ings show that beta-blocker treatment is unable to rescue ICa in males
with AF, pointing to alternative targets, such as Cavb229 that is capable
of restoring ICa in diseased hearts. On the other hand, therapies targeting
mechanisms that modulate spontaneous calcium release and membrane
depolarizations10,13,15,18 are expected to be efficient in females with AF
where we observed a high incidence of ITI currents and membrane depo-
larization, but unsuccessful in males where the incidence of these
arrhythmogenic events is low even in patients with AF. Indeed, we here
show that prevention of A2AR activation was capable of reducing the
high incidence of ITIs in females with AF to levels observed in patients
without AF. Also, in line with a beneficial effect of reducing receptor-me-
diated hyperphosphorylation of the RyR2, we demonstrate that female
AF patients treated with beta-blockers had an ITI frequency similar to
that observed in patients without AF.

It should nevertheless be kept in mind that the patients treated with
beta-blockers did have AF in spite of a low ITI frequency, which might
suggest that an elevated ITI frequency is not the cause but rather a conse-
quence of AF. However, patients with genetic risk variants at chromo-
some 4q25 that increase the risk of AF present elevation of the ITI

frequency that precedes the development of AF.16 This in turn suggests
that ITI suppression with beta-blockers might prevent or delay the onset
of AF in patients prone to present calcium release-induced ectopic activ-
ity. By contrast, beta-blockers may be less effective in patients where the
underlying mechanism is atrial fibrosis33 or dysregulated ion channel ac-
tivity that is unrelated to spontaneous calcium release.34

In summary, our findings demonstrate that further studies aiming to
discover pharmacological targets for restoration of the L-type calcium
current in male patients with AF are warranted while therapies aiming to
normalize RyR2 phosphorylation may be useful to prevent excessive SR
calcium release in females with AF.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Statistical analysis taking into account confounding effects of concurrent disease, risk factors, and treatments revealed differential sex-dependent
alterations of the calcium homoeostasis in AF. The analysis suggests that suppression of calcium release-induced membrane depolarizations with
adenosine receptor antagonists may be efficient in women with AF only while therapies aiming to restore L-type calcium current may be more
efficient in males with AF.
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